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fracture  surface  generally  followed  martensite  lath  boundaries. 

In  addition,  interlath  microcracks  were  frequently  found  in  the 
material  immediately  beneath  the  fracture  surface.  These  results 
suggest  that  transgranular  hydrogen  embrittlement  in  this  steel 
is  primarily  an  interlath  cracking  pehnomenon.  Since  the  lath 
boundary  planes  tend  to  lie  in  {110},  the  results  also  explain 
the  prevalence  of  {110}quasicleavage  in  the  embrittled  specimens, 
which  contrasts  with  the  {100}  cleavage  found  in  uncharged  speci¬ 
mens  broken  below  the  ductile-to-brittle  transition  temperature.— 
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I.  Introduction 

When  high  strength  martensitic  steels  are  embrittled  by 
hydrogen  they  may  fail  either  by  intergranular  separation  along 
the  prior  austenite  grain  boundaries  or  by  transgranular  fracture 
along  planes  which  traverse  the  prior  austenite  grains.  The 
transgranular  failure  mode  superficially  resembles  the  transgran¬ 
ular  cleavage  fracture  found  in  similar  steels  when  they  are 
broken  below  their  ductile-to-br ittle  transition  temperatures. 
Recent  research  has  shown,  however,  that  there  are  significant 
differences.  The  most  striking  of  these  is  the  fracture  plane 
itself,  which  is  predominantly  {100}  in  low-temperature  fracture, 
but  is  often  found  to  be  {110}  or  {112}  after  hydrogen  embrit¬ 
tlement  [1-4].  While  the  {100}  plane  is  the  natural  cleavage 
plane  in  BCC  iron,  the  {110}  and  {112}  are  the  dominant  slip 
planes. 


The  coincidence  between  the  fracture  plane  and  the  dominant 
slip  plane  in  steels  that  have  been  embrittled  by  hydrogen  has 
led  several  authors  to  suggest  that  embrittlement  occurs  through 
a  "glide  plane  decohesion"  resembling  that  occasionally  found  in 
the  basal  plane  fracture  of  hexagonal  close-packed  metals 
[1,2,5,61.  The  evidence  supporting  this  hypothesis  is  indirect, 
however,  and  there  is  an  alternative  explanation  for  the  crystal¬ 
lography  of  transgranular  fracture  which  is  based  on  the  preva¬ 
lence  of  {110}  and  {112}  planes  in  the  boundaries  of  martensite 
plates  and  subgrains  in  high  strength  steel.  The  {110}  plane  is 
the  usual  low  angle  boundary  plane  separating  laths  in  lath 
martensitic  steels;  the  {112}  plane  is  the  boundary  plane  when 
adjacent  laths  are  twin-related  [7,8].  Both  the  {110}  and  {112} 
planes  are  common  boundary  planes  for  the  subgrains  formed  in 
iron  after  severe  deformation  or  tempering  [9],  It  is  therefore 
possible  that  transgranular  fracture  in  embrittled  high  strength 
steels  follows  lath  or  subgrain  boundaries,  and  hence  resembles 
intergranular  fracture  more  than  either  transgranular  cleavage  or 
glide  plane  decohesion. 


To  clarify  this  issue  we  carried  out  high  resolution  studies 
of  the  fracture  path  in  a  5.5Ni  steel  which  had  been  embrittled 
by  hydrogen  charging.  5.5Ni  is  a  high  alloy  steel  that  is  sold 
commercially  for  structural  use  at  cryogenic  temperatures.  Its 
microstructure  is  well  known,  and  typically  contains  well  defined 
laths  of  dislocated  martensite  that  are  organized  into  packets 
(Fig.  1).  The  laths  within  a  packet  are  separated  by  highly 
dislocated,  low  angle  boundaries  that  tend  to  follow  {110}  planes 
(Fig.  2)  [71.  Below  its  ductile-to-brittle  transition  temperature 
5.5Ni  steel  fractures  in  a  brittle  transgranular  mode  along  {100} 
cleavage  planes  C7,81.  Since  the  microstructure  and  mechanical 
properties  of  .5.5Ni  steel  are  well  known  and  techniques  have  been 
developed  for  high  resolution  studies  of  its  transgranular  frac¬ 
ture  features,  this  alloy  seemed  a  natural  candidate  for  research 
on  transgranular  hydrogen  embrittlement. 


II.  Experimental  Procedure 

The  research  alloy  was  a  commercial  5.5Ni  steel  provided  by 
the  Nippon  Steel  Corporation.  The  alloy  was  supplied  as  a  35mm 
plate.  Its  composition  was  determined  to  be:  Fe-5.75Ni-0.93Mn- 
0.5Mo-0.16Cr-0.06C-0.006P-0.005S.  The  alloy  was  annealed  at  1200C 
for  two  hours  to  remove  the  effects  of  prior  treatment,  and  then 
given  a  quench  and  temper  treatment  to  eliminate  any  tendency 
toward  fracture  along  the  prior  austenite  grain  boundaries.  It 
was  austenitized  at  800C  for  one  hour,  water  quenched,  and  tem¬ 
pered  at  600C  for  one  hour.  Standard  sized  charpy  impact  speci¬ 
mens  were  cut  from  the  tempered  plate,  fatigue  precracked,  and 
fractured  slowly  in  three-point  bending. 


The  hydrogen  charged  specimens  were  made  by  cathodic  char¬ 
ging  in  IN  H2SO4  using  a  platinum  sheet  anode.  Small  amounts  of 
AS2O3  and  CS2  were  added  to  the  electrolyte  to  prevent  recombina¬ 
tion  of  hydrogen  gas  [3].  The  specimens  were  precharged  for  24 


hours  at  a  current  density  of  100  milliamps  per  square  centime¬ 
ter.  They  were  fractured  at  room  temperature  in  air  as  soon  as 
possible  after  completion  of  the  charging. 

Fractographic  analyses  of  the  broken  specimens  included 
optical  and  scanning  electron  microscopy  to  determine  the  frac¬ 
ture  modef  chemical  etching  to  identify  the  quasicleavage  plane 
[11/  and  transmission  electron  microscopy  on  "profile  fractogra¬ 
phic"  [10/11]  specimens  to  observe  the  fracture  plane  and  the 
associated  subsurface  damage.  The  chemical  etching  was  done  using 
the  three  step  procedure  and  the  reagent  suggested  by  Matsuda/et 
al.  [12].  The  profile  fractographic  specimens  were  prepared  by 
electroplating  the  fracture  surface  with  nickel  and  then  slicing 
the  specimen  along  the  direction  of  crack  propagation  and  perpen¬ 
dicular  to  the  fracture  surface.  After  mechanical  polishing  to 
reduce  thickness,  thin  foil  specimens  were  prepared  by  a  combi¬ 
nation  of  electropolishing  and  ion  beam  milling  [13].  A  number  of 
foils  were  obtained  which  contained  the  profile  of  the  fracture 
surface  within  the  region  that  was  transparent  to  lOOkV  elec¬ 
trons.  The  foils  were  then  examined  in  a  transmission  electron 
microscope  at  an  operating  voltage  of  lOOkV. 

III.  Results 

A.  Microstructure 

The  microstructure  of  the  tempered  specimens  is  illustrated 
in  Figures  1  and  2.  The  microstructure  consists  of  packets  of 
dislocated  martensite  laths.  The  laths  within  a  packet  are  usual¬ 
ly  separated  by  highly  dislocated  low  angle  boundaries  which  lie 
nearly  parallel  to  (110}  planes  (Fig.  2).  Twin  boundaries  along 
(112)  planes  and  high  angle  boundaries  are  also  occasionally 
found.  As  a  consequence  of  tempering,  the  dislocations  within  the 
laths  are  partially  polygonized  into  subgrairjs.  The  tempering 
temperature,  600C,  is  slightly  within  the  intercr itical  range. 
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There  is  hence  some  retained  austenite  in  the  microstructur e, 
approximately  2  per  cent  by  volume,  and  there  are  occasional 
fresh  martensite  laths  which  are  due  to  the  retransformation  of 
austenite  formed  during  tempering. 

B.  Mechanical  Test  Results 

Figure  3  shows  typical  load-deflection  curves  for  3-point 
bending  specimens  fractured  with  and  without  hydrogen  charging. 
The  hydrogen-free  specimen  had  a  high  value  of  the  fracture 
toughness,  approximately  330  MPa.m^2  (300  ksi.in.^2) ,  and  frac¬ 
tured  in  a  totally  ductile  manner  as  illustrated  by  the  scanning 
electron  fractographs  presented  in  Figure  4.  Hydrogen  charging 
caused  a  drop  in  the  load-deflection  curve  and  a  substantial 
decrease  in  the  fracture  toughness  to  approximately  180  MPa. nr' A 
(160  ksi.in^2).  In  this  case,  also,  the  sample  was  significantly 
deformed  during  fracture.  The  primary  fracture  mode  was  quasi¬ 
cleavage  (Fig.  5),  with  an  occasional  admixture  of  ductile  rup¬ 
ture.  Secondary  quasicleavage  cracks  were  observed  branching  away 
from  the  fracture  surface. 

C.  Detailed  Analysis  of  Quasicleavage  Fracture 

A  close  examination  of  scanning  electron  fractographs  of  the 
hydrogen-embrittled  specimens  (for  example.  Fig.  5)  reveals  that 
the  quasicleavage  portions  of  the  fracture  surface  are  decorated 
by  fine,  lath-like  features  which  are  comparable  in  dimension  to 
the  martensite  laths  shown  in  Figure  2.  The  etch  pits  formed  on 
these  surfaces  (Fig. 6)  show  the  elongated-hexagon  shape  which  is 
typical  of  etch  pits  on  (110>  surfaces  [1,2].  These  observations 
suggest  that  the  fracture  propagates  preferentially  along  the 
martensite  laths,  and  lies  either  in  or  parallel  to  the  lath 
boundaries.  Optical  and  scanning  electron  micrographs  of  etched 
fracture  profile  specimens  (for  example.  Fig.  7)  confirm  this 
conclusion,  and  suggest  that  the  predominant  fracture  mode  is 
lath  boundary  separation. 


Transmission  electron  micrographs  of  the  profile  fractogra- 
phic  specimens  afford  a  more  detailed  view  of  the  fracture  sur¬ 
face  and  the  immediate  subsurface  region.  Four  example  micro¬ 
graphs  are  presented  in  Figure  8(a-d).  There  is  some  uncertainty 
in  the  precise  location  of  the  fracture  surface  since  the  match¬ 
ing  surface  is  unavailable  and  since  it  is  possible  that  the 
specimen  surface  was  slightly  altered  by  the  plating  process.  It 
is  clear,  however,  that  the  fracture  surface  tends  to  parallel 
the  long  axis  of  the  martensite  laths.  It  also  appears  that  the 
f racture . surf ace  lies  in  the  lath  boundaries  over  almost  its 
whole  length.  Its  probable  deviations  from  the  lath  boundary,  for 
example,  the  segments  marked  with  an  asterisk  at  the  lower  right 
in  Figure  8(d),  seem  to  represent  short  steps  connecting  longer 
segments  of  interlath  fracture.  The  material  immediately  beneath 
the  fracture  surface  sometimes  has  a  simple  diffraction  pattern, 
showing  that  it  is  a  single  martensite  packet  which  has  not  been 
severely  deformed.  In  this  case,  which  is  exemplified  by  Fig. 
8(b,d),  the  plane  of  fracture  can  be  identified  and  is  close  to 
{ 110 } .  Other  subsurface  regions  yield  diffraction  patterns  in 
which  the  spots  are  spread  into  arcs  along  the  diffraction  cir¬ 
cle,  as  in  Figure  8(a).  These  regions  were  evidently  deformed 
during  fracture. 

The  high  resolution  transmission  electron  fractographs  also 
reveal  a  dense  population  of  fine  secondary  cracks  immediately 
beneath  the  fracture  surface.  These  secondary  microcracks  are 
present  in  all  micrographs;  they  are  located  by  solid  arrows  in 
Figure  8.  The  microcracks  are  almost  certainly  associated  with 
the  fracture  process  since  they  are  commonly  found  in  the  first 
few  micrometers  of  material  beneath  the  fracture  surface,  but  are 
not  found  in  specimens  taken  from  deeper  within  the  fractured 
sample.  The  secondary  microcracks  almost  invariably  lie  in  and 
along  lath  boundaries.  They  usually  initiate  at  irregularities  in 
the  lath  boundary  such  as  boundary  intersections,  steps,  or 
foreign  particles,  and  continue  as  sharp  flaws  in  the  boundary 


plane.  In  one  isolated  instance,  shown  in  Fig.  8(c),  a  microcrack 
was  located  in  the  interior  of  a  lath.  This  microcrack  emanates 
from  an  impurity  particle  which  is  probably  a  carbide. 

IV.  Discussion  and  Conclusion 

The  results  presented  above  strongly  suggest  that  the  quasi¬ 
cleavage  fracture  associated  with  hydrogen  embrittlement  in  5.5Ni 
steel  is  predominantly  interlath  fracture.  The  evidence  suppor¬ 
ting  this  conclusion  includes  the  following.  The  superficial 
quasicleavage  plane  is  the  common  lath  boundary  plane.  All  opti¬ 
cal,  scanning  and  transmission  electron  micrographic  views  of  the 
fracture  surface  reveal  an  apparent  interlath  fracture.  Interlath 
microcracks  are  common  in  the  material  immediately  beneath  the 
fracture  surface.  Translath  fracture  segments  are  only  occasion¬ 
ally  found,  and  seem  to  be  either  internal  microcracks  due  to 
impurity  particles  or  short  steps  connecting  interlath  features. 
Hydrogen-induced  transgranular  quasicleavage  hence  appears  to  be 
an  interlath  phenomenon  which  phenomenalogically  resembles  inter¬ 
granular  fracture. 

The  results  also  suggest  a  mechanism  for  hydrogen-induced 
quasicleavage:  interlath  microcracks  nucleate  in  the  stressed 
region  ahead  of  the  crack  tip  at  irregularities  in  the  lath 
boundaries,  propagate  along  the  boundaries,  and  eventually  link 
together,  sometimes  across  laths,  to  form  the  macroscopic  frac¬ 
ture  surface.  The  observations  supporting  this  mechanism  include 
the  following.  The  interlath  microcracks  near  the  fracture  sur¬ 
face  almost  certainly  form  ahead  of  the  propagating  crack  tip, 
since  the  stress  required  to  nucleate  them  would  be  relieved  once 
the  crack  tip  had  passed.  The  transmission  electron  fractographs 
contain  clear  evidence  for  microcrack  propagation  along  lath 
boundaries.  The  continuity  of  the  lath  boundary  network  permits 
the  growing  microcracks  to  link  together;  parallel  raicrocracks 
may  also  link  by  shearing  the  intervening  bulk  material.  This 


mechanism  explains  both  the  {110}  quasicleavage  plane  and  the 
microscopic  roughness  of  the  quasicleavage  fracture  surface, 
which  is  an  expected  consequence  of  the  irregularities  in  both 
the  lath  boundary  network  and  the  microcrack  nucleation  process. 
While  the  {112}  quasicleavage  plane  was  not  found  in  the  limited 
number  of  micrographs  examined  in  the  present  work, {112}  facets 
can  also  arise  from  interlath  fracture  since  {112}  boundaries 
separating  twin-related  laths  are  known  to  be  present  in  the 
usual  microstructure  of  the  alloy. 

The  results  and  conclusions  reported  here  do  not  deny  the 
common  hypothesis  that  hydrogen  embrittlement  is  related  to  the 
formation  of  hydrogen  atmospheres  around  dislocations  [6,14,15]; 
the  lath  boundaries  are  highly  dislocated,  and  hydrogen  atmos¬ 
pheres  will  certainly  affect  their  interfacial  cohesion.  It  is 
also  possible  that  dislocation  glide  influences  the  interlath 
fracture;  the  embrittled  specimens  undergo  substantial  plastic 
deformation  during  fracture  and,  in  some  cases,  the  material 
immediately  adjacent  to  the  quasicleavage  fracture  surface  has 
been  significantly  deformed.  The  results  seem  to  establish,  how¬ 
ever,  that  classic  "glide  plane  decohesion"  is  a  minor  factor  in 
the  hydrogen-induced  quasicleavage  of  5.5Ni  steel  if  it  is  rele¬ 
vant  at  all.  Moreover,  since  the  quasicleavage  is  predominantly 
inter  facial,  it  is  not  necessary  to  assume  that  hydrogen  has  any 
relevant  effect  on  the  bonding  characteristics  of  the  bulk  alloy. 


While  the  results  reported  here  refer  to  a  particular  alloy 
and  heat  treatment,  we  suspect  that  they  are  widely  applicable  to 
high  strength  martensitic  steels.  The  mechanism  of  hydrogen  em¬ 
brittlement  which  we  have  apparently  observed  is  a  plausible 
mechanism  in  any  martensitic  steel.  The  various  scanning  electron 
micrographs  published  by  Kikuta  and  coworkers  [1,2,15]  seem  to 
show  a  predominantly  lath  boundary  mode  in  the  t ransgranular 
fracture  of  embrittled  martensitic  steels.  Moreover,  the  inter¬ 
lath  mode  will  automatically  yield  a  quasicleavage  surface  which 
is  both  irregular  on  a  microscopic  scale  and  dominated  by  {110} 


fracture  facets,  in  agreement  with  common  experimental  results 
from  a  variety  of  steels. 


A  similar  process  seems  to  operate  in  Fe-based  alloys  which 
contain  no  martensite  phase.  For  example,  Nagumo  and  coworkers 
19]  studied  the  hydrogen  embrittlement  of  pure  iron  and  found 
that  embrittlement  occurred  only  after  the  iron  had  been  strained 
sufficiently  to  form  well-defined  subgrains.  Fracture  then  pro¬ 
ceeded  through  the  nucleation  and  linkage  of  microfractures  in 
the  subgrain  boundaries.  In  this  case  also  the  dominant  mechanism 
of  "transgranular"  hydrogen  embrittlement  is  apparently  interfa¬ 
cial  decohesion  along  internal  boundaries. 
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Figure  3.  The  load-displacement  curves  of  three-point  bend 
specimens  of  5.5N1  steel  tested  before  and  after 
hydrogen  charging. 


Figure  4.  Scanning  electron  fractographs  of  a  three-point 
bend  specimen  broken  in  the  uncharged  condition. 
(A)  Low  magnification  fractograph  showing  the  ductile 
rupture  fracture  mode. 


(B)  Higher  magnification  view  of  region  outlined  in  A. 


i cation  fractog 


nigh  magnification  view  of  the  quasicleavage  (C)  High  magnification  of  a  region  of  ductile 
fracture  surface.  fracture. 


Figure  6.  Scanning  electron  micrograph  of  the  quasicleavage  fracture 
surface  after  three-step  etching  with  the  reagent  proposed 
in  ref.  12.  The  outlined  etch  pit  has  a  shape  indicating 
a  fracture  plane  near  tllO} 


Figure  8.  Transmission  electron  micrographs  of  the  profile  fracto- 
graphic  specimens  showing  the  fracture  surface  and  sub¬ 
surface  microcracks. 

(A)  The  fractograph  shows  the  fracture  surface  (large  arrows), 
a  subsurface  interlath  crack  (small  arrow),  and  a  sub¬ 
surface  diffraction  pattern  showing  broadened  diffraction 
spots  that  suggest  plastic  deformation. 


Figure  8  (C)  The  fractograph  shows  the  fracture  surface  (large 
arrows),  an  interlath  microcrack  (a),  and  a  micro¬ 
crack  within  a  lath  (b)  that  apparently  originates 
from  a  carbide  particle. 
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Figure  8  (D)  The  fractograph  shows  the  fracture  surface  (large 
arrows),  apparent  translath  steps  in  the  fracture 
surface  (*),  the  trace  of  the  (110)  plane,  which 
is  sensibly  parallel  to  the  fracture  surface,  and 
subsurface  interlath  microcracks  (small  arrows). 
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